INTRODUCTION
Components made from advanced ceramies materials find widespread use in many industrial and military applications. However, the presence of defects in the bulk and on the surface of the ceramic parts can alter their operation and Iead to a reduced lifetime or a catastrophic failure. These defects may include various inclusions, inherent powder defects, poorly distributed second phase material, as weil as voids and cracks. They can be introduced at each stage of the manufacturing process. Near-surface defects are particularly critical in many applications since the stresses in this region ofthe ceramic component are greatest during the operation. These flaws may be intrinsic to the bulk material or can be introduced in the final stages of fabrication ( e.g. machining, grinding and polishing). Additionally, in composite ceramies defects can appear as a delamination of intemallayers. Because the potential market for ceramic components is so large, a considerable effort has been put into developing non-destructive evaluation (NDE) techniques to detect flaws at various stages ofthe manufacturing process [1] [2] [3] [4] [5] .
Recently, several ultrasonic based NDE techniques have been developed for the purpose of detecting near-surface flaws in ceramic materials [2] [3] [4] . However, these techniques, including photoacoustic microscopy [3] and acoustic pulse-echo [4] , are noisy, require contact with the sample and have not, to our knowledge, found any distinguisliing signatures in the retum echo which could be conclusively associated with subsurface damage. Because most ceramic materials are highly scattering at optical wavelengths, optical techniques are not usually used for subsurface defect detection. However, an optical technique has recently been developed in which the intensity and polarization characteristics ofthe light that scatters from the ceramic material are analyzed for defect detection [5] . This technique can discrirninate agairrst most surface scattered light but not a multiply scattered subsurface light which has a randomized polarization state. Additionally, this method cannot be used to determine how far below the surface a defect is located, nor accurately measure how large the defect is. This information may be ofvalue because defects that are far below the surface or smaller in size may cause a lower operational failure rate than defects near the surface.
In this work, we demoostrate an optical gating technique, based on a low coherence fiber interferometer [6, 7] , that can be used to determine both the location and the size ofthe defects in the subsurface region of a variety of ceramic materials [8, 9] . This technique is based on temporally gating the light that scatters from various structures inside a component under investigation. V arious gating tim es correspond to various depths inside the ceramic. This technique utilizes a cw broadband light source with an extremely short coherence length in a Michelson fiber interferometer to provide depth discrimination. This technique has been originally developed for use in bio-medical imaging applications [lO,II] . Other optical-gating techniques can also be used to produce ultrashorttemporal gating [I2] . The device utilized in this work, however, has advantages of compactness and low cost.
EXPERIMENT Experimental Setup
The experimental setup for the optically-gated interferometer is shown schematically in Fig. I . Optical radiation at I.3 f.l1ll is produced by a light emitting diode (LED). The spectral full-width-half-maximum (FWHM) was measured tobe-40 nm at an outputpower of 130 J.l W. This corresponds to the FWHM ofthe correlation length oftbis LED in air of-20 J.Lm and this sets the depth resolution ofthe device. The LED radiation is coupled to a fiber and split into reference and probe beams using a 50% fiber splitter. The phase ofthe reference beam is modulated with a piezoelectric transducer. The reference beam is retro-reflected from a mirror back into the fiber. The probe beam is focused on the ceramic sample with a x20 microscope objective lens. The back-scattered probe radiation is collected by the same lens, retraces its path through the fiber, and recombines with the back-propagating reference beam in the 50% splitter. This combined radiation is then detected by a photodiode. The transverse FWHM ofthe probe beam's focal spot on the sample was measured to be -4 J.Lm.
When the pathlengths ofthe phase-modulated reference and probe beams are within the coherence length of the radiation, the interference between them produces an altemating current (AC) component on the photodiode signal. The frequency ofthe AC Piezoelectric Reference Arm Probe Arm Figure I . Simplified schematic of a low coherence fiber interferometer system used to detect subsurface defects in ceramic materials. component depends both on the frequency and magnitude of the reference beam modulation. This AC component represents the gated signal and its magnitude is proportional to the amount oflight reflected from the ceramic. The logarithm ofthe demodulated AC photodiode signal is digitized and stored on a computer.
By adjusting the length of the light path to the ceramic, light that is scattered from different depths of the ceramic will become correlated with the reference beam. Only the correlated component ofthe scattered probe beam contributes to the AC signal. Thus, by varying the XYZ position of the ceramic at the focus of the probe beam, the sizes and locations ofthe defects can be mapped in three dimensions. Typically, a scan is performed in the x-y plane (a plane parallel to the surface ofthe sample) or in the x-z plane (a plane perpendicular to the surface of the sample ). The scanning and data acquisition techniques used in the current instrument allow a full scan of one x-y or x-z plane in roughly 20 seconds.
We studied a number of ceramies including various silicon nitride materials in flat and in spherical forms, piezoelectric (PZT) materials (both solid and layered composite ), and ceramic thermal barrier coatings on metallic substrates. Here we present results obtained from flat silicon nitride and PZT samples. The scattering in the bulkmaterial results from grain-boundary reflections which can be enhanced by the refractive index mismatch, An, due to second phase, intergranular material present in most ceramics. In the absence of voids or defects, the return from the scattered light decreases exponentially with depth into the ceramic. With the current experimental setup, reflected light was detected as deep as -500 f.UI1 [8, 9] .
The frrst sample used in this study was a hot isostatically pressed (HlPed) silicon nitride, known as NCX 5102. The ceramic, obtained from Saint-Gobain!Norton Industrial Ceramies Corp., is primarily silicon nitride (Si 3 N 4 ) with a small percentage of second phase material, Y 2 0 3 • The choice and concentration of second phase material determines the physical properties of the ceramics. NCX 5102 was developed for high temperature applications such as in components of gas turbine engines. Forthis measurement, a subsurface defect is simulated in the sample by cutting a grove approximately 200 f.UI1 wide and 2 mm deep, as shown in Fig. 2(b ) . The saw cut is at a small angle to the surface so that as the ceramic is translated horizontally in X-direction the void, as seen by the probe beam, moves deeper into the ceramic. Fig. 2(a) shows an X-Z image through the sample reconstructed from the individual depth scans in Z. W e see the reduction in signallevel below the surface as expected. W e also clearly see the increased scattering from the front and back surfaces ofthe saw cut. Current experimental conditions defme the depth at which the void can be detected in this material to about 500 f.UI1 below the surface.
The second sample we examined was a piezoelectric ceramic designated PZT 4S.
The index ofrefraction oftbis material was measured tobe-2.6. A. number ofhard indents were introduced in its polished front surface. A microscope picture of a typical indent shows a diamond shaped indentation region and a characteristic clover leaf pattem, where lobes of spalled material were created by intemal cracking. where a spalled section ofthe sarnple has fallen out, and linear surface cracks from the tips ofthe diarnond-shaped indent. Fig. 3(b) shows the bottom region from the missing spalled lobe, and shows a return signal from other Iobes, but only in the region where the depth of the cracking is consistent with the scan depth. A similar effect is seen in the other two parts ofthe figure, enabling us to reconstruct a full three dimensional map ofthe cup-shaped spalled regions from the data. We also note the Iack oflinear cracks at depths below 8 J.Lm. Fig. 4 shows gated images in the x-y plane of a silicon nitride sarnple which has a micro-indent on the surface. An index ofrefraction of2 was assumed for this material, based on measurements performed on a similar material. The surface ofthe sample was polished until the indentation was almost invisible. Fig. 4(a) is a scanned 1 mm x 1 mm image at 0 Jlffi depth and shows the small region of darnage in the center. Fig. 4(b ) , taken at a depth of 12 J.Lm, shows some evidence ofthe cup-shaped cracking similar tothat ofFig. 3, but the extent ofthe darnage is smaller. As the depth ofthe scan is increased to 30 Jlffi in Fig. 4( c ) , a more interesting effect is observed. Besides the small region of darnage, there is also the indication of reduced scattering coming from a double lobe pattem oriented at right angle to the darnage region seen in Fig. 4(b) . This pattem is evident at depths of 47, 62, and 87 Jlffi, as can be seen in Figs. 4(d-t) . The origin ofthe deeper, double-lobed dark pattem is unexplained at this time. It could be due to the presence of subsurface cracks. However, in other measurements, in contrast to this case, dark areas within the crack were accompanied by the bright areas at the crack surfaces, as evident from Figs. 3(b-d) . Ifthis were the case here, then the crack or void would have to be oriented in such a way that bright surfaces were not observed. Altematively, the physical properties ofthe cerarnic in the vicinity of the indent, such as local density or grain orientation, with an accompanying reduction of (a) (b) (c) scatter, may have been changed due to tbe indentation or tbe subsequent polishing. This ceramic has a significant amount of glass as tbe second phase material, and local densification is known to occur in glasses due to indents. Anotber possible explanation is tbat tbe reduction in return signal could be due to polarization effects. Wehave observed polarization related changes in signal in other experiments witb our apparatus. In tbis case tbe stress-induced birefringence created by tbe indent may be tbe cause oftbe observed pattem. Further study oftbis particular darnage mechanism is under way.
The last ceramic sample investigated in tbis work was a PZT 5A composite ceramic, witb each fourth layer containing ordered, vertically aligned circular voids [13] . The index ofrefraction oftbis material was measured tobe-2.6. Such structures are ofinterest for acoustic sensors since tJtey often yield significantly enhanced hydrostatic response. Fig. 5 shows gated scans oftbis material. Fig. 5(a) is an X-Z scan and shows signal coming from individual-25 J.Uil thick layers. The layer witb voids is clearly seen, witb an increased signal apparently coming from tbe bottom ofthe void. Figs. 5(b-l) show x-y scans from tbis sample at various depths. Of particular note are tbe scans at 46 and 54 J.Uil corresponding to Figs. 5( e, t) , where a tbin, line-type defect is seen, and at 69 and 77 J.Uil corresponding to Figs. 5(g, h) , where a point-like defect is seen. These defects arenot seen at any otber depths in tbe ceramic material and are not visible under microscopic inspection. Also noteworthy is the ease witb which tbe voids and tbe top of tbe next deeper layer are detected in Figs. 5(h-j), even at deptb of-96 J.Uil· This is tbe frrst time, to our knowledge, tbat real subsurface defects in ceramies have been detected optically. 
SUMMARY
In eonelusion, we have demonstrated the use of an optieally-gated teehnique, based on a low eoherenee fiber interferometer, for the deteetion of subsurfaee defects in PZT and silicon nitride ceramics. In particular, we located real subsurface defects in a composite ceramic structure. Future work will include characterizing the size and type of defects which can be deteeted using optical-gating teehniques in various eeramic materials.
